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(54) High-efficiency linear power amplifier 



(57) A transmission signal and a pilot signal are pre- 
distorted by a digital predistorter 13 by use of a power- 
series model, and the predistorted output is converted 
by a digital-analog converter 14 to an analog signal. The 
analog signal is up converted by a frequency converter 
1 5 to an RF-band signal, which is transmitted after being 
power-amplified by a Doherty amplifier 16. The pilot sig- 
nal is extracted by a pilot signal extractor 17 from the 



output from the Doherty amplifier, and the extracted pilot 
signal is down converted by a frequency converter 18 
to a baseband signal. The baseband pilot signal is con- 
verted by an analog-digital converter 19 to a digital pilot 
signal. A control part 21 detects an odd-order distortion 
component from the digital pilot signal, arid based on 
the detected result, controls parameters of , the digital 
predistorter. 
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Description 
TECHNICAL FIELD 

[0001] The present invention relates to a high -effi- 
ciency linear power amplifier provided with a digital pre- 
distorter and a Doherty amplifier for use in radio com- 
munication transmitters. 

PRIOR ART 

[0002] There is known a Doherty amplifier that is a 
combination of amplifiers of different operating points 
(W. H. Doherty, "A new high efficiency power amplifier 
for modulated waves," processing of the IRE, Vol. 24, 
no. 9, pp. 1163-1182, -1936). A basic configuration of the 
Doherty amplifier is shown in Fig. 1, which is a parallel 
connection of a series connection of a quarter-wave- 
length line 5 and a peak amplifier 6 and a series con- 
nection of a carrier amplifier 7 and a quarterrwavelength 
line 8. The peak amplifier 6 has set therein a- threshold 
value of amplitude for an input modulated wave signal 
and a bias operating point set for the class "Cooperation 
for an input signal of amplitude exceeding the threshold 
value. The carrier arhplifier 7 has set thereirr a bias op- 
erating point to perform the class "B" operation at ail 
times. When the amplitude of the input modulated wave 
signal is below the threshold value, the output signal 
from the carrier amplifier 7 is provided as the output sig- 
nal from the Doherty amplifier. When the amplitude of 
the input modulated wave signal is in excess of the 
threshold value, the sum of output signals from the car- 
rier amplifier 7 and the peak amplifier 6 is provided as 
the output signal from the Doherty amplifier. 
[0003] By the injection of a signal component by the 
peak amplifier 6 when the amplitude of the input signal 
exceeds the threshold value, the saturated output power 
from the Doherty amplifier expands corresponding to 
the injected signal component. This expansion of the 
saturation output power produces an effect of com- 
pressing the output backoff more than in the case of an 
amplifierof the same the saturation output power as that 
of the Doherty amplifier. For example, an efficiency of 
x% at a 1-dB gain compression point of a Doherty am- 
plifier capable of 3-dB output backoff compression cor- 
responds to a 0-dB output backoff of a conventional am- 
plifier. Thus, the Doherty amplifier permits high-efficien- 
cy amplification. 

[0004] Nowadays, mobile communication systems 
employ a linear modulation scheme, and transmitting 
amplifiers for mobile communications are required to 
perform linear amplification. Furthermore, equipment 
miniaturization calls for high-efficiency amplification that 
reduce power consumption-requirements. The Doherty 
amplifier that achieves the high-efficiency amplification 
is effective in reducing the power consumption of trans- 
mitters for mobile communications. 
[0005] Because of the parallel connection of two am- 



plifiers of different operating points, the Doherty ampli- 
fier suffers degradation of linearity corresponding to the 
amount of output backoff compression as compared 
with a conventional class "A" or class "AB" amplifier. 
5 Further, the peak amplifier of the Doherty amplifier op- 
erates only in a region higher than a 1-dB gain compres- 
sion point of a carrier amplifier. On this account, an am- 
plifier design by the output backoff scheme encounters 
difficulty in achieving predetermined linear amplification 
10 in the region of transmitting output power in which to 
perform high-efficiency amplification. Accordingly, it is 
essential to construct a Doherty amplifier equipped with 
a nonlinear distortion compensating function that 
strongly suppresses the nonlinear distortion in the vicin- 
« ity of the 1-dB gain compression point. 

[0006] The inventors of this application had proposed 
a feedforward amplifier configuration that applied the 
Doherty amplifier to the main amplifier (for example, 
Japanese Patent Application Kokai Publication Gazette 
20 No. 2000-286645). Leizerovich et al. had proposed a 
combination of the Doherty amplifier and a Cartesian 
feedback structure (for example, U.S. Patent No. 
5,880,633). These configurations are newly added with 
a linearizing circuit so as to make effective use of the 
25 high-efficiency amplification by the Doherty amplifier. 
[0007] The feedforward amplifier using the Doherty 
amplifier as the main amplifier has an auxiliary amplifier, 
and hence it cannot fully utilize high efficiency possible 
with the output backoff compression of the Doherty am- 
30 plifier. With the configuration using the Cartesian feed- 
back scheme, since stable automatic control calls for a 
bandwidth at least more than four times that of the mod- 
ulated wave, it is necessary to achieve distortion com- 
pensation over a wide band. Thus, there has been a de- 
35 mand for a configuration that permits high-efficiency 
amplification while at the same time achieving predeter- 
mined linearity. Further, from the viewpoint of configu- 
ration, it is desirable that the amplifier be as simple as 
possible. 

*o [0008] To achieve predetermined linearity, the output 
backoff of the power amplifier is determined taking into 
account a crest factor of the modulation scheme used. 
To further increase the efficiency of the power amplifier, 
the amplifier configuration needs to minimize the output 

45 backoff. Up to now, it has been desired to clarify a line- 
arizing circuit configuration capable of effectively utiliz- 
ing the output backoff compression effect by the Doherty 
amplifier. 

50 SUMMARY OF THE INVENTION 

[0009] It is therefore an object of the present invention 
to provide; a high-efficiency linear power amplifier that 
permits high-efficiency power amplification while 
55 achieving predetermined linearity. 

[0010] The high-efficiency linear power amplifier ac- 
cording to the present invention comprises: 
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a digital predistorterfor predistorting an input digital 
transmission signal thereto by use of a power-se- 
ries model; 

a digital-analog converter for converting the output 
from said digital predistorter to an analog signal; 
an up converting part for frequency-converting the 
output signal from said digital-analog converter to 
a signal of the radio frequency band; and 
a Doherty amplifier for power-amplifying said radio 
frequency band signal and for transmitting the pow- 
er-amplified signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

\ , 
/ . 

[0011] 

Fig. 1 is a diagram showing a basic configuration of 
, a conventional Doherty amplifier; . 
Fig.*2 is a block diagram illustrating an embodiment 
of the high-efficiency linear power amplifier accord- 
ing to the present invention; 

Fig. 3 is a block diagram illustrating another embod- 
iment of the high-efficiency linear power amplifier 
according to the present invention; 
Fig. 4 is a block diagram depicting an example of a 
digital predistorter for use in the high-efficiency lin- 
ear power amplifier according to the present inven- 
tion; 

Fig. 5A is a block diagram depicting another exam- 
ple of the digital predistorter for use in the high-ef- 
ficiency linear power amplifier according to the 
present invention; 

Fig. 5B is a block diagram showing an example of 
a frequency characteristic compensator; 
Fig. 6 is a block diagram depicting another example 
of the digital predistorterfor use in the high-efficien- 
cy linear power amplifier according to the present 
invention; 

Fig. 7 is a block diagram depicting still another ex- 
ample of the digital predistorterfor use in the high- 
efficiency linear power amplifier according to the 
present invention; 

Fig. 8 is a block diagram showing an example of a 
control part for use in the high-efficiency linear pow- 
er amplifier according to the present invention; 
Fig. 9 is a block diagram showing another example 
of the control part for use in the high-efficiency linear 
power amplifier according to the present invention; 
and 

Fig. 10 is a block diagram depicting an example of 
a third order distortion component extracting part 21 
A in Fig. 9. 



DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

High-Efficiency Linear Power Amplifier 

5 

[0012] Fig. 2 illustrates an embodiment of the high- 
efficiency linear amplifier according to the present in- 
vention. 

[0013] The high-efficiency linear power amplifier ac- 

10 cording to this embodiment comprises: a pilot signal 
generator 11, an adder 12 for adding a transmission sig- 
nal S s and a pilot signal S P ; a digital predistorter 13; a 
digital-analog converter (DAC) 14 for converting a pre- 
distorted signal to an analog signal; a frequency con- 

15 verter (up converter) composed of a mixer 15A, a local 
oscillator 15B and a band-pass filter (BPF) 15C; a Do- 
herty amplifier 16; a pilot signal extractor 17 for extract- 
ing the pilot signal; a frequency converter (down 
converter ) 18 composed of a mixer 18A, a local oscil- 

20 later 18B and a band-pass filter (BPF) 18C f for frequen- 
cy-converting the extracted pilot signal to the base band 
signal; an analog-digital converter (ADC) 1 9 for convert- 
ing the output signal from the frequency converter 1 8 to 
digital form; and a control part 21 for controlling the dig- 

25 ital predistorter 13. Assume that the Doherty amplifier 
16 has a peak amplifier and a carrier amplifier as is the 
case with the Doherty amplifier depicted in Fig. 1, for 
instance. 

[0014] jn the Fig. 2 embodiment and other embodi- 

30 ments described below, let it be assumed that the trans- 
mission signal S s and the pilot signal S P are both digital 
signals. The pilot signal generator 11 generates, as the 
pilot signal S P , two continuous wave signals (also called 
tone signals) of the same amplitude but of different fre- 

35 quencies. The pilot signal S P is added by the adder 12 
with the transmission signal S s , and the added output is 
provided to the digital predistorter 1 3. The digital predis- 
torter 13 predistorts the transmission signal S s and the 
pilot signal S P added together. The output signal from 

*6 the digital predistorter 13 is converted by the digital-an- 
alog converter 14 to analog signal. The output signal 
from the digital-analog converter 14 is applied to the fre- 
quency converter 15, wherein it is frequency-mixed by 
the mixer 1 5A with a local signal L s from the local oscil- 

45 lator 15B, and the transmission signal S s and the pilot 
signal S P both up converted to the predetermined radio 
frequency band (RF band) are taken but by the band- 
pass filter 15C. The transmission signal S s and the pilot 
signal S p in the RF band are power-amplified by the Do- 

50 herty amplifier 16. A preamplifier or the like may be in- 
serted in the line from the digital-analog converter 14 to 
the Doherty amplifier 14 at an arbitrary position. 
[0015] The pilot signai extractor 17 extracts the pilot 
signal (containing only an odd-order distortion compo- 

55 nent) from the radio-frequency signal (RF signal) from 
the Doherty amplifier 16 and supplies the RF signai to 
an antenna (not shown). In the case where the trans- 
mission signal S s and the pilot signal S p are set at dif- 
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ferent frequencies, the pilot signal extractor 17 is con- 
stituted by a directional coupler or power divider, and a 
band-pass filter that includes in its pass band the fre- 
quency of the pilot signal frequency-converted to the RF 
band. The RF band pilot signal extracted by the extrac- 
tor 17 is applied to the frequency converter 18, wherein 
it is frequency-mixed by the mixer 1 8A with a local signal 
from the local signal oscillator 18B and frequency-con- 
verted to a baseband pilot signal, which is taken out by 
the band-pass filter 18C. The baseband-converted pilot 
signal is converted by the analog-digital signal to digital 
form. In the control part 21 an odd-order distortion com- 
ponent contained in the digitized pilot signal, generated 
by the Doherty amplifier 16, is used to control the pa- 
rameter of the signal predistorter 1 3 to minimize the odd- 
order distortion component level of the pilot signal. 
[0016] The frequency spacing between the two tone 
signals forming the pilot signal S p is, for example, sev- 
eral hundred Hz or below, and hence the bandwidth of 
pilot signal S p is sufficiently narrower than the band- 
width of the transmission signal S s . By using the tone 
signals to form the pilot signal, it is possible to reduce 
the response speed of negative feedback that has been 
a problem in the conventional digital predistortion 
scheme and Cartesian feedback control scheme, so 
that distortion control can be effected with high accura- 
cy. Since distortion compensation can be made with 
higher accuracy in the output power in the vicinity of the 
1-dB gain compression point, it is possible to strongly 
suppress distortion in this region. As compared with a 
traditional lookup table type digital predistorter, the dig- 
ital predistorter in this embodiment is simple-structured 
since no memory for the lookup table is needed. As de- 
scribed above, it is possible to simply and accurately 
suppress the nonlinear distortion in the output power re- 
gion in which the peak power amplifier of the Doherty 
amplifier operates. 

[0017] In this way, linear amplification can be 
achieved in the transmitting output power region in 
which the peak amplifier of the Doherty amplifier oper- 
ates. The amplifier configuration of this embodiment 
permits high-efficiency linear amplification. 
[0018] Fig. 3 illustrates a second embodiment of the 
high-efficiency linear power amplifier according to the 
present invention. 

[0019] In this embodiment, the pilot signal S P and the 
transmission signal S s are predistorted separately by 
different digital predistorters 13 and 23, then converted 
by different digital-analog converters 14 and 24 to ana- 
log signals, which are added together by an adder 22, 
and the added output is applied to the frequency con- 
verter 15. The control of the digital predistorters 13 and 
23 after extraction of the pilot signal is effected synchro- 
nously. Since embodiment is common in construction 
and in operation to the Fig. 2 embodiment except the 
above, no description will be repeated. The second em- 
bodiment allows the use of a digital-analog converter of 
low conversion speed. 



[0020] The first embodiment of Fig. 2 has been de- 
scribed as being configured to perform simultaneous 
digital-analog conversion of the transmission signal and 
the pilot signal by the same digital-analog converter 14. 
5 In this instance, the operating speed of the digital-ana- 
log converter 14 needs to be high enough to effect pre- 
determined over-sampling of the sum of the transmis- 
sion signal bandwidth and the bandwidth of the pilot sig- 
nal that is injected outside it. To meet this requirement, 
io the digital-analog converter used is expensive accord- 
ingly. The second embodiment is effective when suffi- 
cient over-sampling is impossible with the configuration 
of the first embodiment. 

15 Digital Predistorter 



[0021] Fig. 4 illustrates an example of the digital pre- 
distorter 13 used in the embodiments of Figs. 2 and 3. 
[0022] The digital predistorter depicted in Fig. 4 is 
20 configured using a power-series model, and has a linear 
path 13P0 for linear transfer of an input signal and a 
penality of nonlinear paths 13P1, 13P2 and 13P3 for 
generating odd-order distortion components of the input 
signal, in the linear path 13P0 there is inserted a delay 
25 memory 13D for delaying the input signal by the same 
time interval as in the nonlinear path. The nonlinear 
paths for providing odd-order distortion components 
are, in this example, three nonlinear paths 13 P1, 13P2 
and 13P3 for generating third-order, fifth-order and sev- 
30 enth-order distortion components, respectively. The 
nonlinear paths are each formed by one of series con- 
nections of odd-order distortion generators 13A1, 13A2, 
13A3, variable phase shifters for phase control 13B1* 
13B2, 13B3, and variable gain controllers for amplitude 
35 control 13C1, 13C2, 13C3. The outputs from the nonlin- 
earpaths 13P1, 13P2and 13P3 for generating the third- 
fifth- and seventh-order distortion components are add- 
ed together by adders 13E2 and 13E3, then the added 
outputs are added by an adder 13E1 with the output 
*o from the linear path 1 3P0, and the added output is input 
as the output from the digital predistorter 13 to the dig- 
ital-analog converter 14. The variable phase shifter and 
the variable gain controller may combined into a vector 
controller. The variable phase shifters 13B1, 13B2, 
45 13B3 and the variable gain controllers 13C1, 13C2, 
13C3 are controlled by a control signal C s (C SP , C SA ) 
from the control part 21. The digital predistorter 23 in 
Fig. 3 can be similarly configured. 
[0023] Fig. 5A illustrates in block form another exam- 
50 pie of the digital predistorter 13. 

[0024] The illustrated digital predistorter 13 is config- 
ured to compensate for the frequency dependent distor- 
tion of the power amplifier 16 in Fig. 2 or 3. With an in- 
crease in the band of the transmission signal, it be- 
55 comes more and more difficult to uniformly suppress 
distortion components produced by the power amplifier 
over the wide band. The frequency characteristic of the 
distortion components by the power amplifier depend on 
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the nonlinear characteristic at its input or output side, in 
the case of FET, such frequency characteristic as gate- 
source capacitance, transconductance, drain conduct- 
ance and so; forth. A translation table of a conventional 
lookup table type digital predistorter sets therein data 
on a particular frequency only. In contrast thereto, the 
digital predistorter of this embodiment has frequency 
characteristic compensators 13F1, 13F2 and.13F3 at 
the input sides of the odd-order distortion generators 
- 13A1, 13A2 and 13 A3. The frequency characteristic 
compensators 13F1, 13F2 and 13F3 are each formed 
by an FIR filter, for instance, and the frequency charac- 
teristic can be adjusted by controlling fiiter coefficients. 
Alternatively, the frequency characteristic compensator 
may be formed by a series connection of a fast Fourier 
transformer (FFT) 13Fa, a vector adjuster 13Fb and an 
inverse fast Fourier transformer (I FFT) 1 3 Fc as depicted 
in Fig. 5B. In the case of Fig. 5B, the added signal of the 
transmission signal and the pilot signal is transformed 
by FFT 13Fa to a frequency domain signal, then the am- 
plitude and phase of the frequency domain signal (spec- 
trum) are adjusted by the vector adjuster 1 3Fb, and the 
adjusted spectrum is transformed by I FFT 1 3Fc to a time 
domain signal, Which is applied to the third-order distor- 
tion generator 1 3A1 . 

[0025]- The other frequency characteristic compensa- 
tors 13F2 and 13F3 can similarly be formed. 
[0026] As described above, it is possible to impart ar- 
bitrary frequency characteristic to each odd-order dis- 
tortion ^component by controlling the FIR filter coeffi- 
cients or coefficients of the vector adjuster 13Fb. In the 
Fig^ 5 embodiment, the provision of the frequency char- 
acteristic compensators 13F1, 13F2 and 13F3 at the in- 
put sides of the odd-order distortion generators 13A1, 
13A2 and 13A3 is particularly suitable to adopt when the 
frequency characteristic of the intermodulation distor- 
tion produced by the power amplifier 16 depend mainly 
on the frequency characteristic of the distortion compo- 
nent at the input side of the power amplifier 16. 
[0027] Fig. 6 illustrates in block form another example 
of the digital predistorter 13. !n this example the frequen- 
cy characteristic compensators 13F1 , 1 3F2 and 1 3F3 in 
the Fig. 5A embodiment are placed at the output sides 
of the odd-order distortion generators 13A1 , 1 3A2 and 
13A3, respectively. The configuration of the Fig. 6 em- 
bodiment is suitable for use when the frequency char- 
acteristic of the intermodulation distortion produced by 
the power amplifier 16 depend mainly on the frequency 
\ characteristic of the distortion component at the output 

side of the power amplifier 16. The frequency charac- 
teristic compensators 13F1 , 13F2 and 13F3 are identi- 
cal in construction with those in the Fig. 5A embodiment. 
[0028] Fig. 7 illustrates in block form still another em- 
bodiment of the digital predistorter. 
[0029] This example is a combination of the embodi- 
ments of Figs. 5A and 6. The frequency characteristic 
compensators 13F1, 13F2 and 13F3 are placed at the 
input sides of the odd-order distortion generators 13A1 , 



a3A2 and 13 A3, at the output sides of which are also 
placed frequency characteristic compensators 13G1, 
1 3(32 and 13G3, respectively. This embodiment is com- 
mon in construction to the Fig. 5A or 6 embodiment ex- 

5 cept the above. The configuration of the Fig. 7 embod- 
iment is suitable for use when the frequency character- 
istic of the intermodulation distortion by the power am- 
plifier 16 in Figs..2 and 3 depend mainly on the frequen- 
cy characteristic of the distortion component at both of 

10 the input and output side of the power amplifier 1 6. The 
respective frequency characteristic compensators are 
identical in construction with those in the embodiment 
of Fig. 5A. 

15 Control Part 

[0030] Fig. 8 illustrates an embodiment of the control 
part 21 in Figs. 2 and 3. This embodiment is directed to 
control of a detector that detects each distortion compo^ 

20 nent after extraction of the pilot signal. The control part 
21 is made up of third-, fifth- and seventh-order distor- 
tion component extracting parts 21 At, 21 A2, 21 A3, and 
distortion component detecting parts 21B1 , 21 B2, 21 B3 
and amplitude/phase controllers 21C1, 21 C2, 2 1 C3 

25 provided corresponding to the respective odd orders. 
The distortion component detecting parts 21B1, 2 1 B2 
and 21 B3 each have a level detector 21 BL for detecting 
the level of the extracted distortion component, and a 
phase detector 12BP for detecting the phase of the dis- 

30 tortion component. The amplitude/phase controllers 21 
C 1, 21 C2 and 21 C3have: amplitude controllers 21 CA 
that generate odd-order component amplitude control 
signals ,C SA1 , C SA2 and C SA3 for controlling the variable 
gain controller 13C1, 13C2 and 13C3 of the digital pre- 

35 distorter 13 based on the levels detected by the level 
detectors 2 1 BL, respectively; and phase controllers 21 
CP that generate odd-order distortion component phase 
control signals C SP1 , C SP2 and C SP3 for controlling the 
amounts of phase shift of the variable phase shifters 

40 13B1, 13B2 and 13B3 of the digital predistorter 13 
based on the phases detected by the phase detectors 
21 BP, respectively. 

[0031] The configuration of the Fig. 8 embodiment is 
shown to deal with the third- to seventh-order distortion 
45 components, but the number of orders is arbitrary. The 
pilot signal extracted from the output of the power am- 
plifier 16 is frequency-converted by the frequency con- 
verter 1 8 from the RF band to the baseband as referred 
to previously, and the baseband pilot signal is analog- 
ic? digital converter (ADC) 19 from analog to digital signal, 
1 which is provided to the third-, fifth- and seventh-order 
distortion component extracting parts 21 A1, 21 A2 and 
21A3. The odd-order distortion component extracting 
part 21 A1 , 21 A2 and 21 A3 are formed by filters (distor- 
55 tion component extracting band-pass filters BPF) corre- 
sponding to the frequencies of respective odd-order dis- 
tortion components so as to extract third-, fifth- arid sev- 
enth-order distortion components of the pilot signal from 
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the converted digital signal, respectively. The extracted 
odd-order distortion components are provided to the dis- 
tortion component detectors 21 B1, 21B2, 21B3 and the 
amplitude/phase controllers 21 G1, 2 1 C2, 2 1 C3, which 
control the corresponding odd-order vector adjusters 5 
(the variable phase shifters 13B1, 13B2, 13B3 and the 
variable gain adjusters 13C1, 13C2, 13C3) of the digital 
predistorter 13. 

[0032] Each level detector 21 BL is an envelope de- 
tector or power amplifier formed by a diode. The ampli- 10 
tude components of respective odd-order distortion 
components are detected by such level detectors. Each 
phase detector 21BP is composed of a limiter and a 
phase comparator. An input signal to the phase detector 
21BP is rendered by the limiter into a square wave. The 15 
position of rise or fall of the square wave is compared 
with the phase set in the phase comparator to detect the 
phase of the square wave. The level detector 21 BL and 
the phase detector 21 BP may be formed by a quadra- 
ture demodulator. A control signal can also be obtained 20 
by numerical computation of amplitude and phase com- 
ponents of a signal produced by quadrature-detection 
of the distortion component. 

[0033] Fig. 9 illustrates in block form an example of 
the control part 21 for the digital predistorter 13 provided 25 
with the frequency characteristic compensators 13F1, 
13F2, 13F3 or 13G1, 13G2, 13G3 as depicted in Figs. 
5A, 6 and 7. This example shows only control for the 
third-order distortion component. The pilot signal ex- 
tracted by the pilot signal extractor 17, then down con- 30 
verted by the frequency converter! 8 to the baseband, 
and converted by ADC 19 to digital form in Figs. 3 and 
4, is provided to the third-order distortion component ex- 
tracting part 21 A1 to thereby extract the thirdTorder dis- 
tortion component of the pilot signal. As is the case with 35 
the Fig. 8 embodiment, the level and phase of the ex- 
tracted third-order distortion component are detected by 
the distortion component detector 21 B of a vector ad- 
justment controller 21 V, and the thus detected level and 
phase are used to generate the third-order distortion 40 
component amplitude control signal C SA and the third- 
order distortion component phase control signal C sp by 
the amplitude/phase controller 21 C. 
[0034] To control the frequency characteristic com- 
pensators 13F1, 13F2, 13F3 (and 13G1, 13G2, 13G3), 45 
it is necessary to sweep the frequency of the pilot signal 
S p in a predetermined frequency band (in the frequency 
band of the transmission signal). The amplitude and 
phase of each odd-order distortion component of the pi- 
lot signal S P at each point of its frequency swept at pre- 50 
determined frequency intervals are detected by a level 
detector 21FBL and a phase detector 21FBP of a dis- 
tortion component detector 21 FB. The detected ampli- 
tude and phase are stored in a memory 2 1 FM associ- 
ated with the control part 21 . The memory 21 FM stores 55 
amplitude and phase values corresponding to the swept 
frequency points. The stored numerical values are used 
to control the parameters of the frequency characteristic 



compensators 13F1, 13F2, 13f3 (and 13G1, 13G2, 
1 3G3) of the digital predistorter 13 so that the frequency 
characteristic of the intermodulation. distortion by the 
, power amplifier 16 becomes flat. 

Third-Order Distortion Component Extracting Part 

[0035] Fig. 10 illustrates in block form an example of 
the third-order distortion component extracting part 
21 Ai in Figs. 8 and 9. The output RF signal from the 
power amplifier 1 6 contains a plurality of odd-order dis- 
tortion components of the pilot signal. The illustrated ex- 
arnple does not use a band-pass filter to extract the 
third-order distortion component, but instead it is con- 
figured to extract the third-order distortion component 
by subtracting the pilot signal S P generated by the pilot 
signal generator 11 and its fifth- and seventh-order dis- 
tortion components from the extracted pilot signal fed 
from the analog-digital converter 19. 
[0036] The pilot signal S p from the pilot signal gener- 
ator 11 is applied via a delay memory 21 Aa1 forming a 
linear path to a variable phase shifter 21 Ab1 . wherein it 
is phase-adjusted, and the phase-adjusted pilot signal 
is amplitude-adjusted by a variable gain adjuster 21 Ac1 
and then applied therefrom to a subtracter 21 Ad1. The 
subtracter 21 Ad 1 subtracts the pilot signal from the ex- 
tracted pilot signal from the analog-digital converter 1 9 
which contains distortion components. The pilot signal 
S p is also applied to fifth- and seventh-order distortion 
component generators 21Aa2 and 2lAa3, by which 
fifth- and seventh-order distortion components of the pi- 
lot signal are generated. The distortion components are 
phase-adjusted by variable phase shifters 21Ab2 and 
21Ab3, then amplitude-adjusted by variable gain 
adjusters21 Ac2 and 21 Ac3, and fed to subtracters 21 
Ad2 and 21 Ad3. The fifth- and seventh-order distortion 
components are sequentially subtracted from the output 
from the subtracter 21 Ad1 to thereby extract the third- 
order distortion component. 

[0037] The thus extracted third-order distortion com- 
ponent is provided, for example, as shown in Fig. 9, to 
the vector adjustment controller 21V and a frequency 
characteristic compensation controller 21 FV, by which 
are generated the amplitude control signal C SA , the 
phase control signal C SP and the third-order distortion 
component frequency characteristic compensating am- 
plitude control signal C SFA , the thirdorder distortion 
component frequency characteristic compensating 
phase control signal C SFP . The fifth- and seventh-order 
distortion component extracting parts 21 A2 and 21 A3 in 
Fig. 8 can also be similarly configured. 
[0038] In this way, a desired odd-order distortion com- 
ponent of the pilot signal can be extracted when other 
odd-order distortion components are superimposed on 
the desired one. 
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EFFECT OF THE INVENTION 

[0039] As described above, according to the high-ef- 
ficiency linear power amplifier of the present invention, 
the digital predistorter 13 based on a power-series mod- 
el predistorts the transmission signal in such a mariner 
as to compensate for the intermodulation distortion that 
is produced by the Doherty power amplifier 16. The dis- 
tortion component by the power-series model is repre- 
sented as a linear sum of odd-order distortion compo- 
nents. On this account, direct extraction of the respec- 
tive odd-order distortion components from the pilot sig- 
nal enables the distortion components to be suppressed 
with higher efficiency than by the Cartesian feedback 
control scheme and the lookup table type digital predis- 
torter. The pilot signal has a sufficiently narrower band 
than the transmission signal like a tone signal. Accord- 
ingly, a sufficient response time can be set for negative 
feedback control. 

[0040] the compression of the output backoff of the 
Doherty amplifier 16 provides increased efficiency of a 
power amplifier even in a modulation system of large 
crest factor. The nonlinearity in this operating region is 
compensated for by the digital predistorter. In various 
linearizing circuits the predistorter configuration permits 
high-efficiency operation of the power amplifier as com- 
pared with the feedforward configuration. The combined 
use of the Doherty amplifier and the digital predistorter 
multiplies their effects. 

[0041] Accordingly, the present invention has advan- 
tages of: 



(1) Offering simple-structured amplifier capable of 
high-efficiency amplification and linear amplifica- 
tion; and 35 

(2) Achieving miniaturization of the transmitter by 
reducing power consumption. 



Claims 

1 . A high-efficiency linear power amplifier comprising: 

a digital predistorter for predi storting an input 
digital transmission signal thereto by use of a 
power-series model; 

a digital-analog converter for converting the 
output from said digital predistorter to an ana- 
log signal; 

an up converting part for frequency-converting 
the output from said digital-analog converter to 
a radio-frequency signal; and 
a Doherty amplifier for power-amplifying said 
radio-frequency signal and for transmitting said 
power-amplified radio-frequency signal. 

2. The high-efficiency linear power amplifier of claim 
1, further comprising: 1 



a pilot signal generator for generating a digital 
pilot signal; 

an adder for adding said digital pilot signal to 
said digital transmission signal and for inputting 
5 . the added output to said digital predistorter; 

a pilot signal extractor for extracting a radio-fre- 
quency pilot signal from the output from said 
Doherty amplifier; 

a down converting part for frequency-convert- 
to ing said extracted pilot signal to a baseband ex- 
tracted pilot signal; 

an analog-digital converter for converting said 
baseband extracted pilot signal to a digital ex- 
tracted pilot signal; and 
15. a control part for detecting an odd-order distor- 

tion component from said digital extracted pilot 
signal and for controlling parameters of said 
digital predistorter based on the detected odd- 
order distortion component. 

20 

3. The high-efficiency linear power amplifier of claim 
1, further comprising: 

a pilot signal generator for generating a digital 
25 pilot signal; 

another digital predistorter for predistorting 
said digital pilot signal by use of a power-series 
model to provide a pilot signal added with an 
odd-order distortion component; 
30 another digital-analog converter for converting 

said pilot signal added with the odd-order dis- 
tortion component to an analog pilot signal; 
adder for adding together said analog signal 
from said digital-analog converter and said an- 
alog pilot signal from said another digital-ana- 
log converter and for applying the added output 
as an input signal to said up converting part; 
a pilot signal extractor for extracting a radio-fre- 
quency pilot signal from the output from said 
40 Doherty amplifier; 

a down converting part for frequency-convert- 
ing said extracted pilot signal to a baseband ex- 
tracted pilot signal; 

an analog-digitai converter for converting said 
45 baseband extracted pilot signal to a digital ex- 

tracted pilot signal; and 

a control part for detecting an odd-order distor- 
tion component from said digital extracted pilot 
signal and for controlling parameters of said 
so digital predistorter and said another digital pre- 

distorter based on the detected odd-order dis- 
tortion components. 

4. The high-efficiency linear power amplifier of any 
55 one of claims 1 , 2 and 3, wherein said digital pre- 
distorter comprises: 

a linear path for linear transfer of an input sig- 
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nal; 

a nonlinear path for imparting an odd-order dis- 
tortion to said input signal; 
a delay memory inserted in said linear path, for 
providing the same delay as in said nonlinear 5 
transfer path; 

an odd-order distortion generator inserted in 
said nonlinear path, for generating an odd-or- 
der distortion component of said input signal; 
and . to 
a vector adjuster inserted in said nonlinear 
path, for adjusting the amplitude and phase of 
said odd-order distortion component. 

The high-efficiency linear power amplifier of claim 15 

4, further comprising a frequency characteristic 
compensator inserted in said nonlinear path at at 
least one of input and output sides of said odd-order 
distortion generator, for imparting a frequency char- 
acteristic to said input signal to compensate for the 20 
frequency characteristic of a distortion produced by 
said Doherty power amplifier. 

The high-efficiency linear power amplifier of claim 

5, wherein said frequency characteristic compensa- 25 
tor is an FIR filter. 

The high-efficiency linear power amplifier of claim 
5, wherein said frequency characteristic compensa- 
tor comprises: 30 

a fast Fourier transformer for transforming said 
input signal to a frequency domain signal; 
another vector adjuster for adjusting the ampli- 
tude and phase of said frequency domain sig- 35 
nal; and 

an inverse fast Fourier transformer for trans- 
forming said adjusted frequency domain signal 
to a time domain signal and for providing said 
time domain signal as the output from said fre- 40 
quency characteristic compensator. 

The high-efficiency linear power amplifier of claim 
2 or 3, wherein said digital predistorter comprises: 

45 

a linear path for linear transfer of an input sig- 
nal; 

a nonlinear path for imparting an odd-order dis- 
tortion to said input signal; 

a delay memory inserted in said linear path, for 50 
providing the same delay as in said nonlinear 
path; 

an odd-order distortion generator inserted in 
said nonlinear path, for generating an odd-or- 
der distortion component of said input signal; 55 
and 

a vector adjuster inserted in said nonlinear 
path, for adjusting the amplitude and phase of 



said odd-order distortion component; and 
wherein said control part comprises: 

an odd-order distortion component extract- 
ing part for extracting the odd-order distor- 
tion component from said extracted pilot 
signal; 

a distortion component detector for detect- 
ing the level and phase of said extracted 
odd-order distortion component; and 
an amplitude/phase controller for control- 
ling said vector adjuster inserted in said 
nonlinear path of said digital predistorter 
based on the detected level and phase. 

9. The high-efficiency linear power amplifier of claim 
8, wherein said odd-order distortion component ex- 
tracting part is a band-pass filter that permits the 
passage therethrough of the frequency of said odd- 
order distortion component. 

10. The high-efficiency linear power amplifier of claim 
8, wherein said odd-order distortion component ex-, 
tracting part comprises: 

a linear path for transmitting said digital pilot 
signal with a predetermined delay; 
an odd-order distortion component generator 
for generating an odd-order distortion compo- 
nent different from said odd-order distortion 
component of said digital pilot signal; 
a nonlinear path having inserted therein a var- 
iable phase shifter and a variable gain adjuster 
for adjusting the phase and gain of said odd- 
order distortion component; and 
- subtracting means for subtracting the outputs 
from said linear path and said nonlinear path 
from said digital extracted pilot signal provided 
from said analog-digital converter to extract 
said odd-order distortion component. 

11. The high-efficiency linear power amplifier of claim 
1 , 2, or 3, wherein said Doherty power amplifier 
comprises: a peak amplifier that performs a class 
"C" operation when the amplitude of an input signal 
is above a predetermined threshold value; and a 
carrier amplifier that performs a class "B" operation 
at all times. 
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